Abstract: A simulation model of pedestrian flow is introduced based on Mixed Logical Dynamical (MLD) system approach. Based on the proposed model, the effect of an obstacle placed in front of the exit is investigated in terms of the flow coefficient and the evacuation time.
INTRODUCTION
The understanding of the pedestrian behavior in the crowd is indispensable for the assessment of urban layout and several approaches are reported for evaluating the safety of the social infrastructures [1] , [2] , [3] . In this paper, we introduce a simulation model of pedestrian flow which is derived from the hybrid systems approach [6] , [7] , [8] and evaluate the advantage of the proposed model based on the simulation result of evacuation. In the evacuation of pedestrians, it is reported that the obstacle placed asymmetrically in front of the exit enables to shorten the whole evacuation time and attenuates the congestion around the exit [2] , [3] . We will apply the proposed model to the similar evacuation problem and investigate the mechanism how the obstacle affects the congestion of flows.
In the following, we first introduce a fundamental model of pedestrian walking and, based on [6] , [7] , [8] , it is shown that the behavior of the pedestrian flow in the crowd is characterized by model predictive control for MLD systems (Section 2,3). In section 4, we evaluate the evacuation of pedestrian flow and consider the effect of the obstacle placed in front of the exit in terms of the flow coefficient.
BASIC PROBLEM
Let us introduce a basic model of pedestrian walking [6] , [7] , [8] . For describing the pedestrian walking in the open space, we employ a simple model for each person:
where (x , y), (v x , v y ), (f x , f y ) are the coordinate, the velocity vector of the pedestrian, and the exogenous force, which will be generated by the interaction of pedestrians or the control objective of path planning. The parameters m, μ are estimated from the field data of pedestrian flow. Further we treat the dynamical model (1) in the discrete time setting and impose basic constraints on the coordinate and the velocity of pedestrians.
The constraint (4) is the set of linear constraints, which are obtained from the approximation of the velocity constraint:
Based on the fundamental model (2)- (4), we next formulate the path planning in the pedestrian space with impedimenta. In the path planning of the pedestrians, the optimal path, which leads to the goal point, must avoid the impedimenta such as walls, some obstacles, and the other pedestrians. In order to deal with the path planning of pedestrians, we employ MLD (mixed logical dynamical) system description in the receding horizon control. Fundamental idea for the path planning is illustrated with a simple problem depicted by Fig. 1 . Let (x 0 , y 0 ), (x f , y f ) be the start and the goal point in the pedestrian space and an obstacle is placed. In this case, the predicted state of (2) must satisfy the following constraints:
where δ (i,t+k |t) ∈ {0,1} and M > 0 is a sufficient large constant such that any inequalities hold in the case δ i,t+k |t =1. Thus, if we evaluate the performance by
ICROS-SICE International Joint Conference 2009 August 18-21, 2009, Fukuoka International Congress Center, Japan In other words, by applying the first value of the optimal sequence U at each sample time, we can generate the behavior of pedestrian walking. In case when we deal with a crowd, the approach described here is also applicable by solving the MPC problem for each pedestrian by turn and applying the first value of control sequence in turn. In the next section, we will formulate some interactions among pedestrians, which enable to generate the crowd behavior based on the MPC problem (7)- (8) .
In the interaction among pedestrians, the relation of occupied regions must be regarded in the path planning problem (7)- (8) . In the modeling of crowd, we simply assume that the pedestrians form a square occupied region and, in order to disregard the self-occupied region, the occupied region of focused pedestrian is equivalently transformed to those for other pedestrians or obstacles. A simple case is illustrated with Fig. 2 . Let each of pedestrians forms a square occupied region, which side is D [m] . By imposing a square occupied region with the sides 2D [m] on the surrounding pedestrians, it is verified that the path planning of the focused pedestrian is formulated with (7)- (8) . Similar reformulation is also applied to the obstacles placed in the pedestrian place. 
CHARACTERRIZATION OF PEDESTRIAN BEHAVIOR IN CROWD
In this section, interactions caused in the crowd are formulated along the MPC problem (7)- (8) . In the sequel, we formulate other interactions between two pedestrians.
Maximum velocity in the crowd
As depicted by Fig. 3 , it is assumed that the maximal velocity of each pedestrian is affected by the number of persons is the field of view (sector region). The following evaluation is introduced on the velocity in the crowd:
where v max is the maximal velocity in the open space and n is the number of other pedestrians in the field of view (Fig. 3 ).
Modes of pedestrian behavior
Next we introduce interactions between two pedestrians and formulate the behavior by changing the constraints or the tentative goal point in the MPC problem (7)- (8) . In the field of view (Fig. 3) , a dominant other pedestrian is evaluated along [5] and, with regard to the direction of relative velocity, the typical behavior of pedestrians is formulated as follows [4] (a) Stopping: In Fig. 4 , define a circular region around the dominant other pedestrian (labeled j ) with the radius R. If the focused pedestrian (labeled i ) is in the circular region, the pedestrian i stops. In this case the optimization (8) is skipped one sample time (Fig. 5 ). (b) Avoidance: In Fig. 4 , define a rectangular region along the diameter of circular region and the direction of the reactive velocity vector v j − v i . If the focused pedestrian i is in the rectangular region (i.e. relative velocity is large), the avoidance behavior is taken. In the optimization (8), an additional constraint is imposed in order to forbid the path planning inside the grey region of Fig. 6 . (c) Following: In case when (a), (b) do not hold and the dominant other pedestrian j heads for the same direction with the same pace (i.e. relative velocity |v i − v j | is sufficiently small), the focused pedestrian i follows the dominant other pedestrian j . In the cost functional (6), the goal point s f is replaced by the current position of the dominant other pedestrian in the field of view (Fig. 3) . 
SIMULATION
Let us evaluate the evacuation of pedestrian flow and consider the effect of the obstacle placed in front of the exit from the viewpoint of the flow coefficient. The flow coefficient N eff is a parameter which expresses the quantity of pedestrian flow passing the exit [5] :
In the floor layout ( Fig. 7(a),(b) ), we simulate the evacuation of pedestrian flow with the following cases (Case 1-6). Simulation results are obtained by Table 2 and Fig. 8-11 . Table 2 summarizes the evacuation times for Case 1-6 and it is observed that an obstacle placed in front of the exit (Fig. 7(b) ) enables us to reduce the evacuation time (compared with Fig. 7(a) ). The following features are observed from the simulation results Fig. 8-11. (1) When an obstacle is not placed (Fig. 7(a) ), the congestion forms an arch in front of the exit. Further, the resulting evacuation time tends to longer. (2) When an obstacle is asymmetrically placed in front of the exit (Fig. 7(b) ), the pedestrian flow is divided by the obstacle and it is observed that the pedestrian flow becomes smooth and the congestion is deliberately formed. (3) By Fig. 10, 11 , the flow coefficient grows slowly when an obstacle is asymmetrically placed. Furthermore, the resulting evacuation time is shorten. (4) In the case an obstacle is placed asymmetrically (Fig. 11) , the flow coefficient grows smoothly and reaches around the constant value. 
CONCLUSION
A simulation model of pedestrian flow is derived based on MLD system approach and the effect of an obsta- cle placed in front of the exit is investigated in terms of the flow coefficient. Based on the simulation results, it is shown that the typical phenomena which arise in the evacuation are generated with the proposed MLD system model. The analysis of calculation complexity is a direction of future research.
